In this report the genomic characterization of the human excision repair gene ERCC-1 is presented. The gene consists of 10 exons spread over approximately 15 kb. By means of a transfection assay the ERCC-1 promoter was confined to a region of + 170 bp upstream of the transcriptional start site. Classical promoter elements like CAAT, TATA and GC-boxes are absent from this region. Furthermore, ERCC-1 transcription is not UV-inducible. A possible explanation is provided for the previously reported alternative splicing of exon VIII. Analysis of ERCC-1 cDNA clones revealed the occurrence of differential polyadenylation which gives ERCC-1 transcripts of 3.4 and 3.8 kb in addition to the major 1.1 kb mRNA. Apparent evolutionary conservation of differential polyadenylation of ERCC-1 transcripts suggests a possible role for this mode of RNA processing in the ERCC-1 repair function.
INTRODUCTION
In order to cope with DNA-lesions induced by mutagenic and carcinogenic agents, living organisms have developed a variety of DNA repair systems. One of the most important and best studied repair processes is the excision repair pathway (see 1 for a review). In Escherichia coli this system constitutes part of the damage inducible SOS-response. Lesions causing a relatively strong deformation of the normal helix structure (such as bulky adducts or ultraviolet light (UV) induced pyrimidine dimers) are recognized and removed by the concerted action of at least 4 excision repair proteins: uvr A,B,C and D (2). In yeast, mutant analysis and gene cloning have demonstrated the existance of more than 10 genetic loci implicated in excision repair (1) . In higher eukaryotes cell hybridization experiments have revealed the presence of at least 9 complementation groups in cells from excision deficient xeroderma pigmentosum patients (3, 4) and of at ©) IRL Press Limited, Oxford, England.
Nucleic Acids Research least 5 groups in laboratory induced CHO repair mutant cells (5, 6) . This extensive genetic heterogeneity suggests a considerable biochemical complexity underlying the excision repair pathway.
However, the mechanism of this system in eukaryotes is poorly understood.
We have recently cloned the first human repair gene, designated ERCC-1, that corrects the excision defect in CHO mutants of complementation group 2 (7). The major ERCC-1 mRNA is 1.1 kb and specifies a protein of 32.5 kD. Evidence was obtained for the occurrence of alternative splicing yielding in addition a transcript of 1.0 kb, lacking a 72 bp coding exon (8) . However, only the cDNA corresponding to the 1.1 kb mRNA, inserted in a mammalian expression vector was able to correct the repair defect in CHO mutants of group 2 (8).
At the amino acid level a significant homology was found with the yeast repair protein RAD10 and parts of the E.coli uvrA and C gene products (8, 9, 10) indicating strong evolutionary conservation of DNA repair systems.
In this report we present the genomic organization of the human ERCC-1 gene. We have identified the ERCC-1 promoter region and provide evidence that the ERCC-1 mRNA is subject to differential polyadenylation during processing.
MATERIALS AND METHODS
Cell culture and transfections UV-sensitive Chinese hamster ovary (CHO) cell line 43-3B (11) and HeLa cells were grown in DMEM/F10+ (1:1) medium supplemented with 10% fetal calf serum and antibiotics (penicillin, 100 U/ml and streptomycin 0.1 mg/ml). ERCC-1 DNA constructs were cotransfected with 0.5 -3.0 Ug pSV3gptH to 43-3B cells as described previously (8) . After 10-14 days of selection with mitomycin-C (MM-C) and mycophenolic acid resistant clones were fixed and counted. Identification of intron-exon borders Using general procedures (12) Sl-mapping was performed as described by Grosveld et al. (14) . A uniformly 32P-labeled single stranded probe was synthesized from M13-templates using the method of Burke (15) and annealed with poly(A)+RNA (10 
RESULTS

Gene Structure
Cosmid43-34, harboring the human ERCC-1 gene, was isolated from a cosmid library of a repair proficient CHO 43-3B transformant (7) . The size of the ERCC-1 gene and its location on cosmid 43-34 (cos43-34) was determined in 3 ways: i. By transfection of restriction enzyme digested cos43-34 DNA to 43-3B cells to test for intactness of the gene (7) . ii. By subcloning of Sau3A fragments of cos43-34 in EMBL-3 and screening for recombinant phages carrying a functional gene (8) . iii. By Southern blot analysis of independent genomic 43-3B transformants for the presence or absence of specific probes from the ERCC-1 flanking regions (unpublished results). From these results it appeared that ERCC-1 covered a region of 15 kb. A detailed physical map of the deduced ERCC-1 region on cos43-34 is presented in Figure 1A . To determine the structural organization of the gene all BglII fragments in this region were subcloned in pUC-vectors and hybridized with 32P-labeled probes of ERCC-1 cDNA clone pcDE (8) .
Subsequently, appropriate hybridizing fragments were further subcloned to sequence all exons and intron-exon junctions. The sequence strategy, deduced transcriptional orientation and the genomic organization of ERCC-1 are depicted in Figure 1B . The human ERCC-1 gene appears to consist of 10 exons ranging in size between 60 and 216 bp, spread over a region of 15 kb. The nucleotide sequence of the exons was completely in accordance with the previously reported ERCC-1 cDNA sequence (8 in Figure 2 , the sequences around the intron-exon borders are consistent with the consensus donor and acceptor splicing signals (17) The much less conserved sequence PyNPyTPuAPy which is involved in branchpoint formation during the splicing process (18, 19) could tentatively be identified in most introns at the appropriate distance (20 to terminus of the previously reported cDNA sequence (8) The nucleotide sequence of each intron-exon junction is shown. Vertical lines represent intron-exon borders. Splice acceptor and donor sequences are in accordance with reported consensus sequence (C)nNCAG/G and AAG/GTA respectively (17) . The corresponding amino acids at the beginning and end of each exon are shown in the three letter code and numbered as reported previously (8) . Exon numbering is as used in Fig. 1 . The size of each intron and exon (respectively kb and bp) is given in parentheses. The length of exon I is based on the results presented in Fig. 3 Figure 4 shows a protected band of 73-75 bp. We conclude from this result that the transcription most likely initiates at the A residues indicated in Figure 3 since these are generally preferred as 'capping'-site (17) . From these results it appears that cDNA clone pcDE is almost complete (lacking only 9-11 bp at the 5' end, Figure 4) AAGG.GCTTTGAAACTTAACAGTTTGGGAGCCAGATCCTCAGGCCACATCTCTC1TCIt Figure 3 ). This region (-65 to -100) is very rich in pyrimidine residues (78%). The most upstream CCTCC motif is part of a stretch of 13 pyrimidines. To verify whether this region can drive ERCC-1 transcription two genomic fragments (a 1.3 kb PvuII-StuI and 180 bp HinfI-StuI fragment) were constructed in front of the ERCC-1 cDNA yielding pROM-l and pUCPROMHI respectively (see Figure 4 and Materials and Methods). These DNA constructs were transfected to 43-3B indicates that the two genomic regions tested display promoter activity and confines the ERCC-1 promoter to a stretch of 170 bp upstream of the transcriptional start site. Surprisingly, with pcDE, harboring ERCC-1 cDNA under the direction of the strong SV40 early promoter, always a lower transfection frequency is observed. No repair-proficient transformants are obtained with a non-functional ERCC-1 construct (pROM-2). However, a very low but consistent transfection frequency is found with pERCC-SVP which is lacking promoter sequences. This may be explained by insertion of the SV40 early promoter derived from cotransfected pSV3gptH or by integration of pERCC-SVP DNA in the vicinity of endogenous promoters in the genome of 43-3B cells.
Northern blot analysis of different human cell lines revealed a low ERCC-1 transcription level (8, data not shown). The results are presented in Figure 5 . The dashed line specifies fragments containing repetitive sequences as found by Southern hybridization using human repetitive DNA as a probe (not shown). Arrows indicate the sequence strategy and the shaded boxes B and C are probes used for the Northern blot analysis (see Fig. 7 probe. In addition to the earlier described ERCC-1 cDNA clones (8) several other clones (pcDlA2 and pcD4A) were isolated with this probe. As illustrated in Figure 6A the physical maps of these clones are colinear with the genomic map of the 3' ERCC-1 flanking region. The longest clone pcDlA2 has an insert size of approximately 2.2 kb. Furthermore, Southern blot hybridization with human repeats as a probe revealed the presence of repetitive sequences in both cDNA clones as well as in the corresponding genomic fragments (not shown). The nucleotide sequence of the 5' and 3' termini of pcDlA2 and the corresponding genomic regions of cosmid (7) were determined by the chemical cleavage method of Maxam and Gilbert (13) . A composition of both sequences is presented in Figure 6B . The 3' end of pcDlA2 harbors a poly(A) signal followed by a poly(A) tail indicating a transcriptional orientation which is similar to that of ERCC-1. In the 5 direction clone pcD1A2 extends to 40 bp downstream of the polyadenylation site of the 1.1 kb ERCC-1 mRNA (see Figure 6B ). This renders it conceivable that pcDlA2 is a partial cDNA clone from a longer ERCC-1 mRNA with an alternative polyadenylation site. To investigate this hypothesis poly(A)+ RNA of HeLa nuclei and human primary fibroblasts was analysed by Northern blotting using a coding ERCC-1 cDNA probe and two genomic probes of the pcDlA2 region (see Figure 6A ). The autoradiogram of this experiment is shown in Figure 7 . ERCC-1 probe 3A3 which encodes the N-terminal half of the ERCC-1 protein recognizes the mature 1.0 -1.1 kb ERCC-1 mRNA, a 3.4 kb transcript in fibroblasts and a 3.4 and 3.8 kb mRNAs in HeLa nuclei. These 3.4 and 3.8 kb RNA species are also recognized by two probes (B and C) flanking the HindIII site in the 3' pcDlA2 region. The 3.8 kb transcript seems to be absent in primary fibroblasts. However, although with a much lower hybridization signal than the 3.4 band, the 3.8 kb could be detected in poly(A)+ RNAs of a number of other cell lines (e.g. Figure 5 , data not shown). We conclude from these results that pcD4A and pcDlA2 are partial cDNA clones derived from the 3. 
DISCUSSION
The excision repair gene ERCC-1 has been assigned to human chromosome 19 (8, 22, 23) and regionally mapped to 19ql3.2-13.3 (24) . Here we report the structural organization of the ERCC-1 gene. The gene is about 15 kb in length and harbors 10 exons. We have recently shown that the coding exon VIII of 72 bp is subject to alternative splicing. Only the cDNA of the larger ERCC-1 transcript (which includes exon VIII) inserted in a mammalian expression vector can correct the excision repair mutation in 43-3B cells (8) . During pre-mRNA processing excision of introns requires branchpoint formation at a distance of -40 to -20 bp from the 5' exon borders. The consensus sequence PyNPyTPuAPy has been proposed for this branchpoint region (19, 25, 26) . In contrast to yeast where a strict requirement for the heptamer TACTAAC has been observed (27) the sequence constraints for higher eukaryotes seemn to be much more relaxed. Deletion or mutation of the branchpoint region can lead to branch formation at other criptic positions close by (19) . It should be noted that except for exon VIII all ERCC-1 3' intron junctions contain putative branchpoint motifs matching with the consensus PyNPyTPuAPy (Figure 2) . The sequence proximal to exon VIII that most closely resembles the branchpoint consensus has a C-residue at the conserved Tposition. Only in a few cases the presence of a C-residue at this position of the predicted branchpoint has been observed (18 Using a functional assay we have shown that the ERCC-1 promoter is located in a stretch of 170 bp proximal to the transcriptional start site. In this region there is no clear cut TATA box or AT-rich region which is typically positioned between -20 and -30 from the CAP-site (17) . An 'abbreviated' version of a CAAT-box might be located at -100. The apparent absence of these promoter motifs is frequently found in housekeeping genes that are driven by promoters containing the transcription factor Spl binding box GGGCGG (28) . The ERCC-1 promoter is also devoid of such GC-boxes. The absence of classical transcription elements like CAAT, TATA and GC-boxes has recently been reported for the weakly expressed c-mos proto-oncogene (29) and is exceptional for eukaryotic genes. Therefore, it is possible that the ERCC-1 promoter represents a specific class of promoters. Several other sequence motifs, of which the significance is still unknown, have been notified in the ERCC-1 promoter region (Figure 3 ). Three CCTCC repeats are located in a pyrimidine rich region from -65 to -100. The promoter of the EGF-receptor gene harbors pyrimidine rich stretches of nucleotides with 4 times repeated TCC elements (30) . These regions might have a regulatory function in EGFreceptor expression since nuclear proteins were found to bind to the TCC-containing regions (31) . Possibly, ERCC-1 expression is mediated through a similar type of interaction between regulatory proteins and the CT-rich promoter elements.
We have not quantitatively determined the transcription activity of the ERCC-1 gene. However, qualitative observations from Northern blot analysis of poly(A)+ RNA of different cell lines indicate low levels of ERCC-1 mRNA. Low constitutive expression of repair proteins has also been observed in E.coli and yeast (1, 32) . In bacteria an efficient removal of DNA lesions is provided by an excision repair system that is part of the DNAdamage inducible SOS-response. In yeast, the agents that elicit this response induce the excision repair gene RAD2 whereas transcription of RAD1, RAD3 and RAD10 is not affected by DNAdamage (33) . From (35, 36) . In those studies the presence of a T at -3, as found in ERCC-1 mRNA, caused a 10-20 fold drop in the efficiency of translation initiation. Hence, the presence of a pyrimidine at position -3 of the ERCC-1 mRNA suggests a low constitutive level of ERCC-1 translation.
The transfection efficiency of ERCC-1 constructs seems to be promoter dependent (Table 1) , since the strong SV40 promoter yields less transformants than the weak ERCC-1 promoter. Further experiments are required to study the effect of the ERCC-1 expression level, however the preliminary data presented in Table  1 suggest that overexpression of ERCC-1 can be deleterious to the cell and that mimimum amounts of ERCC-1 protein are required for repair of DNA damages.
ERCC-1 mRNA molecules of 1.1, 3.4 and 3.8 kb have been identified by Northern blot analysis using coding ERCC-1 cDNA probes. The 1.1 kb transcript which is the major mRNA species encodes the protein that corrects the 43-3B mutation and harbors all exons shown in Figure 1 . Although no full length cDNA clones have been isolated of the longer transcripts, there is strong evidence that differential polyadenylation gives rise to the 3.4 In addition to the hexanucleotide AATAAA several other loosely conserved sequence elements have been suggested to play a role in mRNA 3' end formation (see 37 for a review). The pentanucleotide CAYTG is found 3' of the AATAAA before or after the poly(A) site in many genes and is suggested to mediate poly(A) formation through interaction with RNA of the U4 small ribonucleoprotein (38) . Furthermore, T-rich and GT-rich sequences motifs are located downstream of poly(A) sites in many transcripts (37) . Recent studies of Gil and Proudfoot (39) and McDevitt et al. (40) have demonstrated that these motifs function synergistically and are important for efficient and accurate 3' end formation. Inspection of the 3' ERCC-1 sequence revealed the presence of CAYTG box and a T-rich element near the second AATAAA suggesting that this can be a better target for 3' end processing than the more proximal AATAAA.
Multiple polyadenylation sites occurring in 3' untranslated regions have been reported for a number of transcripts (41, 42, 43) . It is unknown whether the selection of poly(A) sites within one transcriptional unit is a regulatory event. In this respect it is interesting to note that 3' untranslated sequences of several transiently expressed genes have been implicated in mRNA stability and that recently AU-rich sequences with AUUUA motifs have been identified defining mRNA instability (44, 45) . Deletion of such sequences from the c-fos proto-oncogene abolishes the rapid turnover of c-fos transcripts (46) and confers a transforming potential to the gene (47) . Such elements have not been found in the partially sequenced 3' ERCC-1 flanking region.
However, the apparent evolutionary conservation of differential polyadenylation of ERCC-1 transcripts could imply that mRNA 3' end processing plays a regulatory role in ERCC-1 expression.
